The internal organization of macromonomers (MGs) consisting of all-thiophene dendrons of generation g= 2 and 3 attached to a phenyl core, as well as of the dendronized polymers resulting from polymerization of these macromonomers (PG2 and PG3, respectively), has been investigated using theoretical methods. The conformational preferences of the MGs, determined using density functional theory calculations, are characterized by the relative orientation between dendrons and core.
INTRODUCTION
Organic molecules with dendritic architectures are typically classified in dendrimers and dendronized polymers (DPs) . Dendrimers are the more widely investigated polymers [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] and consist of perfectly branched molecules made of tree-like fragments (dendrons) attached to a central core. The internal organization and size of these welldefined, often monodisperse, molecules depends on the generation number, g, of dendrons. Thus, dendrimers of lower generation have relatively loose inner structure while higher generations are densely packed and organized. [1] [2] [3] [4] These particular organizations result in unusual properties, as for example liquid-crystalline behavior at high concentrations, 5, 6 anomalous intrinsic viscosity, 7, 8 and a multivalent molecular surface. 9, 10 As a consequence, dendrimers have been proposed for very useful applications, as for example, drug-delivery systems, 11, 12 gene vectors, 13, 14 catalysts 15, 16 and organic light-emitting diodes. 17, 18 DPs can be seen as wormlike macromolecular objects of cylindrical cross section. [19] [20] [21] The mass per repeat unit of the polymer backbone increases nonlinearly with the generation number (g), which allows to modulate properties like the rigidity, diameter and concentration of functionalities. [21] [22] [23] [24] Due to this particular architecture, DPs currently represent a class of single molecular nanomaterials with several potential applications. Among the most promising applications of DPs are nanoscopic building blocks, 25, 26 functional materials, 27, 28 organic optoelectronic materials, 29, 30 selfassembling vectors for complexation with DNA, 31, 32 and nanomaterials to stabilize therapeutic proteins in the gastrointestinal tract 33 and both to copy 34 and to immobilize enzymes. 35 Furthermore, the structure of different families of DPs has been investigated using atomistic simulations, results providing microscopic understanding of the physical properties of these nanomaterials. [36] [37] [38] [39] [40] [41] Importantly, these microscopic studies have revealed that the internal organization and properties are intimately related not only with g but also with the chemical nature of the dendrons. For example, the stability of the right-handed helical conformation found for neutral and charged dendronized polymetylmethacrylates carrying chiral 4-aminoproline based dendrons is essentially due to the formation of networks of specific interactions. 36, 37 In contrast, the interactions defined by the backfolding of the external dendrons dominates the properties of dendronized polymethacrylates made of tree-like fragments with amide and aromatic groups separated by polymethylenic segments. 38, 39 These results supported the idea of treating these DPs as soft elongated colloidal objects. 40, 41 Thiophene (Th) based dendrimers and DPs with a fully -conjugated core are considered as very promising kinds of conducting materials. 42 Since Advincula and coworkers reported on the first Th dendrimer synthesis, 43, 44 several other Th dendrimers for different energy-related applications have been described. 42 For example, Bäuerle and co-workers 45 synthesized different all-Th dendrimers containing up to 90 Th rings with a divergent/convergent approach to facilitate the inclusion of functionalities in the external surface of the conducting dendrimer. These Th dendrimers were used as entangled photon sensors. 46 Mitchell et al. 47 prepared phenyl-cored Th dendrimers for organic photovoltaic devices, their power-conversion efficiency being recently overtaken by hexaperi-hexabenzocornene-cored Th dendrimers described by Wong et al. 48 and the hybrid gold-nanoparticle-cored dendrimers of Deng et al. 49 . Furthermore, valuable microscopic and electronic information was derived from quantum mechanical studies on several Th-based dendrimers. [50] [51] [52] In contrast, studies devoted to Th-based DPs are very scarce because of the intrinsic complexity associated to this kind of macromolecular objects. In a pioneering work, a few years ago Schlüter and co-workers 53 reported the synthesis of Th-containing second and third generation dendronized macromonomers with methacrylate polymerizable units as well as their corresponding DPs. More recently, Kimura et al. 54 prepared novel all-Th dendritic macromonomers that were subsequently polymerized. The electronic and electrical properties of the resulting DPs, which showed enhanced conductivity upon doping, were attributed to the spatial overlapping of the Th dendrons through - interactions. Very recently, Griffin et al. 55 reported the synthesis and characterization of a benzodithiophene/Th alternating copolymers decorated with rigid, singly branched pendant side chains. Photoexcitation of these copolymers resulted in excited states primarily localized on the pendant side chains that excitations were rapidly transferred to the polymer backbone (i.e. in less than 250 fs).
In this work we use a multi-scale theoretical approach to characterize at the microscopic level the internal organization of macromonomers and DPs made of branched Th dendrons. More specifically, the molecular and electronic structures of two macromonomers, MG2 and MG3 in Figure 1a , have been studied using quantum mechanical methods based on density functional theory (DFT) calculations. After this, in a second step, DPs derived from the polymerization of MG2 and MG3 have been investigated using molecular dynamics (MD) simulations based on classical forcefields. The chemical structure of these DPs, named PG2 and PG3 (with g= 2 and 3, respectively), is depicted in Figure 1b . It is worth noting that MG2, MG3, PG2 and PG3 are practically identical to the macromonomers and their DPs synthesized by Schlüter and co-workers. 53 The only difference involves the alkyl groups attached to the Th rings, where we have replaced the hexyl groups of the experimental systems by methyl groups for simplicity.
METHODS

6
Quantum mechanical calculations.
All calculations were performed using the Gaussian 09 computer program. 56 The conformational preferences of MG2 and MG3 were examined using DFT calculations with the wB97X-D functional 57 combined with the 6-311+G(d,p) basis set, 58, 59 
The ionization potential (IP) was estimated using the Koopman's theorem (KT), 60 according to which the IP was taken as the negative of the highest occupied molecular orbital (HOMO) energy (IP= - HOMO ). It is worth noting that KT is not applied to DFT methodologies since energies of Kohn-Shan orbitals do not involve any physical meaning. However, Janak's theorem 61 was used by Perdew 62 to show the connection between IP and the HOMO energy.
The lowest - * transition energy ( g ) was derived from the excitation energies calculated using time-dependent density functional theory (TD-DFT). 63 This methodology provides a robust and efficient description of the low-lying molecular states and is widely applied to study the UV-vis spectra of conjugated organic compounds. [64] [65] [66] Electronic excitations were evaluated using the PB0 67,68 and B3LYP 69, 70 functionals, which are known to be very reliable for the calculation of electronic transitions, 71, 72 combined with the 6-311+G(d,p) basis set and employing geometries fully optimized at the wB97X-D /6-311+G(d,p) level.
Electron densities of the most stable conformations identified for MG2 and MG3
were determined at the wB97X-D /6-311+G(d,p) level using the Merz-Kollman (MK) scheme, 73, 74 which assigns point charges to fit the computed electrostatic potential to points on nested Connolly surface with a density of 1 point/Å 2 .
Classical force field simulations. 7 The most stable structures of MG2 and MG3 obtained by DFT calculations were used to build the starting geometries for PG2 and PG3. The stability of the resulting structures was investigated in vacuum considering DP chains with N= 150 repeat units.
Generally speaking, this solvent-free model corresponds to the situation encountered in the poor solvent experiments as was proved in previous studies of other non-charged DPs. 38, 39 The backbone conformation of PG2 and PG3 was determined by applying a systematic search strategy. More specifically, 144 trial backbone conformations were constructed for each DP varying the dihedral angles  and  ( Figure 1b ) in steps of 30º.
The number of backbone conformations without backbone-backbone, backbone-side group and side group-side group steric clashes, hereafter denoted feasible conformations, was approximately 30% and 20% of the initial trial conformation for PG2 and PG3, respectively. The rest of the conformations (i.e. those with atomic overlaps) were directly discarded without performing any calculation.
Energy minimizations and MD simulations of the feasible conformations were performed using the NAMD program. 75 The energy was calculated using the AMBER force-field. 76 All bonding and van der Waals parameters required for PG2 and PG3 were taken from the Generalized AMBER force-field 77 (GAFF) while atomic charges were computed at the wB97X-D /6-311+G(d,p) level using the Restrained ElectroStatic Potential (RESP) strategy ( Figure 2 ). 78 Geometry optimizations of all feasible conformations were performed by applying the conjugate gradient method during 5000 steps. After that, only 15% and 16% of feasible conformations were kept for PG2 and PG3, respectively. Such structures were pre-equilibrated by heating up the system from 0 to 298 K using a rate of 1 K each 1.5 ps. Visual inspection of the structures obtained after such short simulation time (i.e. 447 ps) indicated that many of them lost the initial helical regularity during the 8 thermalization process. Thus, only 6 and 4 configurations remained regular for PG2 and PG3, respectively. These structures were submitted to 5 ns of MD for equilibration.
Finally, a 20 ns production ("relaxation") trajectory was carried out for the structure of lowest energy of each DP, which corresponds to that started using {,}= 180º, 60º and -150º,-60º for PG2 and PG3, respectively. Data were saved every 8 ps for subsequent analysis (i.e. 2500 snapshots).
Atom-pair distance cut-offs were applied at 14 Å to compute van der Waals and electrostatic interactions. Bond lengths involving hydrogen atoms were constrained using the SHAKE algorithm with a numerical integration step of 1 fs. 79 The temperature was controlled by a weak coupling method, the Berendsen thermostat 80 with a time constant for heat-bath coupling of 1 ps.
RESULTS AND DISCUSSION
MG2 and MG3 macromonomers
The conformational preferences of the dendron used to prepare MG2, 53 which consists of three Th rings linked by - and - linkages (3T; Scheme 1), was studied in a previous work. 52 More specifically, the potential energy surface derived from the systematic variation of the inter-ring dihedral angles was calculated at the B3LYP/6-31G(d) level. The most stable arrangement reported for 3T, with {,'}= 125º,-38º, 52 has been used in this work as starting point for the construction of MG2. The conformational preferences of MG2 were calculated using a systemic strategy.
For this purpose, after constructing the starting geometry, the potential energy surface defined by dihedral angles associated to the linkage between 3T and the phenyl core ( and ' in Figure 1a ) was determined at the wB97X-D/6-311++G(d,p) level.
Specifically,  and ' were varied between 0º and 360º in steps of 30º, the resulting 144 structures being optimized using a flexible rotor approximation (i.e. each structure was submitted to a constrained geometry optimization in which the inter-ring dihedral angles θ and θ' were kept fixed at their initial values). Table 1 . On the other hand, as the dihedrals  and ', which refer to the α-α and α-β linkages of the two peripheral Th rings to the central one (Figure 1a ), are very similar for the two dendrons contained in MG2, Table 1 lists the average values and the corresponding standard deviations rather than the explicit values for each dendron. Table 1 also includes the average values of αα and α-β bond lengths (denoted R  and R  , respectively, in Scheme 1).
As it can be seen, the disposition of the peripheral Th rings is very similar for all conformations included in Table 1 . This feature indicates that the two 3T dendrons used to prepare MG2 react upon the attachment to the phenyl core, provoking a significant conformational change in one of the peripheral Th rings. Thus, the conformation found for the individual 3T dendron, {,'}= 125º,-38º, 52 Table 1 ).
In the MG2-1 (Figure 4a ) repulsive S···S interactions involving the Th rings directly attached to the phenyl core are strictly minimized by the dihedrals ,'= 144.9º,-147.7º.
The  g and IP values calculated at the PB0/6-311+G(d,p) and B3LYP/6-311+G(d,p) levels for such conformation, which are practically identical to those obtained the rest of minimized conformations, are in excellent agreement (i.e.  g = 3.65 eV and IP= 5.76 eV at the former level, and  g = 3.48 eV and IP= 5.56 eV at the latter level). The  g values derived from TD-DFT calculations slightly overestimate the experimental estimation, 3.00 eV, which was determined by absorption and emission spectroscopy. 53 However, our  g estimates are significantly lower than the value calculated for the individual 3T dendron (i.e. the theoretical  g obtained using DFT calculations at the B3LYP/6-31G(d) level for 4.13 eV 52 while the experimental measure was 3.33 eV 81 ), which is fully consistent with experimental observations. On the other hand, the IP predicted for MG2 by the KT, 0.97 eV per thiophene ring, is lower than that obtained at the B3LYP/6-31G(d) for the individual 3T dendron (i.e. 3.21 eV per thiophene ring). 52 Inspection of the topology of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), which are displayed in Figures 4b and 4c , evidences that these frontier orbitals are distributed through the aromatic rings of the two 3T dendrons and the phenyl core. This is fully consistent the homogeneous distribution of the electron density displayed in Figure 4d .
The conformational preferences of MG3 were evaluated using the following strategy.
The four structures of lower energy identified in a previous study for the all-thiophene dendron used to prepare MG3, which has been denoted 7T (Scheme 2), 52 were attached to the phenyl core considering the following pairs of values for the dihedral angles ,': The three conformations of lower energy, which are listed in Table 2 , are separated by an energy gap of 0.2 kcal/mol only, whereas the relative energy of the remaining optimized structures (not shown) was higher than 0.5 kcal/mol. The most stable conformation (G3-1 in Table 2 ) is displayed in Figure 4a . As occurred for MG2-1, S···S repulsive interactions are minimized in MG3-1. Also, Table 3 reflects that the strain of the macromonomer increases the generation number g. In order to alleviate such strain, inter-ring dihedral angles of different dendrons present larger deviations than in MG2, as is evidenced by the standard deviations of the corresponding averages. In spite of this, it is worth noting that the disposition of the peripheral Th rings is similar for MG2 and MG3, the dihedrals {,'} of the minima identified for each macromonomer differing in 10º only.
The  g values derived for MG3-1 from TD-DFT calculations at the PB0/6-311+G(d,p) and B3LYP/6-311+G(d,p) levels are 3.50 and 3.31 eV, respectively. which represents a slight reduction with respect to MG2-1. This is fully consistent with the  g values experimentally determined for MG2 and MG3, which reflected a reduction of 0.35 eV. 53 The HOMO extends over two dendrons located of the same branch ( Figure   4b ), which represents a difference with respect to MG2-1. This provokes a slight reduction in the predicted IP values, which are 5.62 and 5.42 eV at the PB0/6-311+G(d,p) and B3LYP/6-311+G(d,p) levels, respectively. In contrast, the delocalization of the LUMO (Figure 4c ) is similar to that observed for MG2-1. As occurred for MG2, the electron density is homogeneously distributed through the whole molecule (Figure 4d ). 13 The conformational search strategy explained in the Methods section was applied to PG2 and PG3 chains made of N= 150 repeat units. Figure 5 represents a complete view of the final atomistic conformations obtained for PG2 and PG3 at the end of the MD production phase as well as details on both the backbone conformation and the interdendron interactions. Table 3 displays the values of the average end-to-end distance, L av , and the radius, R, derived from MD simulations for PG2 and PG3. As it can be seen, the chain length of the two DPs differs in 100 Å, even though the same number of repeat units was considered in both cases. This should be attributed to the backbone flexibility, which is significantly higher for PG2 than for PG3. Analysis of the recorded snapshots evidences that, as the interpenetration of dendrons belonging to different repeat units is practically null in PG2, the backbone undergoes some irregularities (e.g. kinks and folds) ( Figure 5 , left) provoking a reduction of the molecular length. Thus, the conformational behavior of PG2 resembles that of a conventional linear flexible polymer bearing bulk pendant groups. In contrast, the interpenetration of dendrons belonging to different repeat units is very significant in PG3, which results in a significant degree of backbone stiffness ( Figure 5, right) . Thus, PG3 molecules can be viewed as semirigid homogenous cylinders. Similar features were obtained for bottle-brush polymers with high grafting density. [82] [83] [84] [85] More specifically, the backbone end-to-end distance of bottle-brush macromolecules in solution and, especially, adsorbed onto surfaces was found to increase with growing length of the side chains, which was attributed to the fact that side chains progressively repel and stretch the backbone into an extended conformation.
PG2 and PG3 dendronized polymers: Structural characterization
However, in DPs steric repulsions are provoked not only by the size of the side chains but also bytheir particular architectures, which promote interpenetration (see below).
14 In order to provide a quantitative estimation of the differences between the two DPs, interpenetrations have been defined as intertwined dendrons with uncrossability constraints. Accordingly, interpenetrations have been quantified through a geometric descriptor defined as the number of dendrondendron crossing in a regular 2D projection of the DP chain averaged over all possible projections and calculated on the recorded snapshots. Thus, this geometric descriptor explains the occurrence of entanglements (i.e. overcrossings) that cause geometrically constrained motion in PG3.
The mean number of dendrondendron overcrossings is 2310 and 10816 for PG2 and PG3, respectively. These structural differences explain the drastic enlargement of the end-to-end distance experienced by PG3 with respect to PG2.
The radius R of each DP was determined considering a proportionality between the radial probability distribution and radial density profiles, ( ) representative enough to obtain R values comparable to those calculated for PG3. As it was expected, R increases with increasing g. Thus, the thickness is 6.6 Å larger for PG3 than for PG2. Figure 6a represents the variation of the density as function of radial distance r from the macromolecular backbone (MB) for PG2 and PG3, obtained by averaging over different cylindrical cross-sections of these macromolecules, while the average values of the density ( av ) are listed in Table 3 . It is worth noting that the density profiles reflect all the effects associated with the influence of g on the spatial distribution of the atoms (e.g. changes in backbone conformation). Figure 6a indicates that for PG2 the highest density is localized at the region close to the backbone, reaching a value of 1.6 g/cm 3 . After this, the density of PG2 fluctuates between 1.4 and 1.1 g/cm 3 due to conformational irregularities previously mentioned and, finally, it decreases progressively. For PG3 the density remains relatively constant from the backbone to a distance of approximately 9.9 Å and, hereafter, decreases slowly until the external layer of the cylinder section is reached. As it can be seen in Table 3 ,  av is around 1 g/cm 3 for both DPs. Figure 6b depicts the radial probability distribution of the peripheral methyl groups (see Figure 1b ) as a function of the distance from the MB, g Me-b (r), for the two examined DPs. PG2, whose repeat unit presents two external dendrons, shows a single wide peak centered at around 12.9 Å, which corresponds to the value of R listed in Table 3 . The peak observed for PG3, centered at approximately 17.3 Å, is smaller and broader than that observed for PG2. In addition of the position of the peak, which is located at a distance 2.2 Å smaller than R (Table 3) , the g Me-b profile calculated for PG3
shows inner and outer tails. The inner tail is related with the backfolding or looping phenomenon, which refers to the probability of a peripheral methyl groups to be located at distances lower than R= 19.5 Å. For PG3 the broad inner tail indicates that some peripheral methyl groups are very close to the MB (4 Å) and, therefore, evidencing that there must be parts of the same dendron residing at larger radial distances. In contrast, for PG2 the shape of the g Me-b profile indicates that the backfolding is practically null, the wideness of the peak being essentially due to the conformational flexibility of the backbone.
- Stacking interactions in PG2 and PG3
In a recent study we examined intramolecular and intermolecular interactions in DPs composed of a poly(methacrylic acid) backbone and repeat units with regularly branched dendrons of generation four containing amide and aromatic groups separated by a flexible segment (Scheme 3). 40 After analyzing several complexes formed by two interacting macromolecular chains, we concluded that intramolecular interactions are significantly more abundant than intermolecular ones. Thus, this DP forms rigid cylindrical-like molecules stabilized by intramolecular N-H···O hydrogen bonds and - stacking interactions between two aromatic rings arranged in a sandwich or T-shaped configuration, intermolecular interactions being only detected when two molecules interpenetrate considerably. The results supported the scenario put forth in previous structural and rheological studies, 23, 41 which evidenced the colloidal-filament nature and associated solid-like viscoelastic response in the melt of such DP Scheme 3: Chemical structure of the DP with g= 4 studied in reference 40.
PG4: Y= Boc
In an earlier study, the helical arrangement identified for the DP obtained from the spontaneous polymerization of a chiral 4-aminoproline-based second generation macromonomer (Scheme 4) was found to be stabilized by intramolecular hydrogen bonding networks that extend along the whole polymer chain. 36, 37 Thus, the NH groups of the 4-aminoprolines were found to form this kind of interaction with the amide oxygen atoms of either the neighbor or the same repeat unit, enhancing the stability and stiffness of the right-handed helical conformation.
Scheme 4: DP studied in references 36 and 37.
According to these antecedents, intramolecular interactions are also expected to play a fundamental role in the stability of PG2 and PG3. Based on the molecular details given in Figure 1b , the only specific interactions that may exhibit the two DPs examined in this work correspond to the --stacking of Th rings. The presence of these interactions is clearly reflected in Figure 7 , which represents the partial radial (T-shaped configuration) in the interaction associated to the peak at r=5.2 Å. 82 In order to count the number of interactions of each type in PG2, the following cutoffs were considered. For the sandwich configuration the separation between the two Th rings (D in Scheme 5) is  4.5 Å and the degree of tilting ( d in Scheme 5) is < 45º or > 135º, whereas for the T-shaped configuration D  5.5 Å and  d ranges from 45º to 135º. Results obtained from all the snapshots saved during the production run, which are included in Table 3 for PG2. Quantitative analysis indicates that the total number of - stacking interactions for PG3 is around three times higher than for PG2 (Table 3) . Thus, the average number of interactions counted per repeat unit of PG3 is 8.8 (i.e. 6.4 and 2.4 participate in sandwich and T-shaped configurations, respectively). According to these values, the relative frequency of the sandwich configuration with respect to the Tshaped one is lower for PG3 (2.7 : 1) than for PG2 (3.4 : 1) . This should be attributed to the interpenetration and backfolding phenomena discussed above, which restricts the ability of the dendrons to rearrange and adopt T-shaped configurations.
CONCLUSIONS
The potential energy surface E=E(,') calculated for MG2 reveals that the welldefined conformational preferences of the macromonomers are essentially defined by the relative orientation between the all-thiophene dendrons and the phenyl core. The disposition of the peripheral Th rings, which is associated to the dihedral angles  and ', is similar for MG2 and MG3. However, small re-arrangements at these dihedrals allow to alleviate the conformational strain, which increases with g. The calculated electronic properties indicate that both the  g and the IP decrease with increasing g, which is in good agreement with experimental observations.
Atomistic models of PG2 and PG3, which were constructed using the most favored conformations of MG2 and MG3, evidenced very different internal organizations. PG2
behaves as a flexible linear polymer bearing bulk side group while PG3 is a semirigid cylinder. The particular behavior of the latter, which affects the molecular length, is due to both the interpenetration of dendrons belonging to different repeat units and presence of backfolding phenomena. In contrast, these effects are practically inexistent for PG2.
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The different behaviors of PG2 and PG3 also affect the radial density profiles. The more uniform profile is obtained for PG3.
Analysis of the inter-dendron interactions in PG2 and PG3 reveals that - stacking interactions are significantly more abundant for latter than for the former. This is consistent with the semirigidity and backfolding of PG3 and the flexibility of PG2.
Deeper analysis reveals that the interacting Th rings prefer the sandwich configuration with respect to the T-shaped one, this effect being more pronounced for PG2 than PG3. In the repeat unit of PG3, equivalent pairs of thiophene rings have been labelled using letters. 
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